precision. An embodiment of the method for measuring the free spectral range of an etalon can include generating a laser light from a laser source, generating a RF source signal, RF modulating the laser light with the RF source signal to produce an RF modulated laser signal, coupling the RF modulated laser signal through a circulator to the etalon, coupling a reflected RF signal from the etalon through the circulator to photo detector, converting the reflected RF signal to an electrical signal at the photo detector, amplifying the electrical signal, mixing the amplified electrical signal with a RF delayed source signal, linearly scanning a frequency of the RF source signal, and monitoring a peak-to-peak mixer voltage V mixer during the linear scanning of the RF source signal frequency to detect a peak-to-peak minimum voltage when the RF modulation frequency is tuned approximately to a free spectral range of the etalon, the result having a precision greater than one part per 10 4 without the use of a high resolution optical spectrum analyzer or a tunable laser. This method is especially useful for etalons with small FSR (less than 10 GHz) because this method does not require a high resolution OSA or tuneable laser. As the ITU grid for DWDM becomes denser, this method will have a larger impact on the FSR measurement of etalons. -co 
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produce an RF modulated laser signal. The RF modulated laser signal is coupling through a circulator to the etalon, which reflects a reflected RF signal that is coupled through the circulator to photo detector. At the photo detector, the reflected RF signal is converted to an electrical signal. The electrical signal is amplified and the amplified electrical signal is mixed with a RF delayed source signal. While the frequency of the RF source signal is linearly scanned, a mixer peak-to-peak mixer voltage V mixer is monitored to detect a FIELD OF THE INVENTION 10 peak-to-peak minimum voltage when the RF modulation frequency is tuned approximately to a free spectral range of the etalon, the result having a precision greater than one part per 10 4 Without the use of a high resolution optical spectrum
This invention relates to free spectral range measurement and, in particular, to methods, systems, apparatus and devices for measurement to determine the free spectral range of an etalon utilizing a modified Pound-Drever-Hall technique with 15 better than one part per 10 4 precision.
BACKGROUND AND PRIOR ART
analyzer or a tunable laser.
In an embodiment, the step of generating a laser light comprises the step of generating a laser light having a line width that is narrower than a FSR/finesse of the etalon. In another embodiment the mixing step includes the step of setting a phase difference li.cp between a mixer LO input and Fabry-Perot etalons have been used for many years to select and stabilize the wavelength of tunable diode lasers for dense wavelength division multiplexed (DWDM) systems. In order to match the transmission channels of an etalon with the 20 RF input at approximately zero to improve sensitivity and the monitoring step includes the step of monitoring peaks of peak-to-peak value ofV mixer to detect a sign change as the RF modulation frequency passes the free spectral range of the etalon. International Telecommunication Union grid, precise measurement of the free spectral range (FSR) of the etalon is 25 critical. Most reported works are based on the mapping out of the transmission spectrum as the injected laser wavelength is tuned as describedinH. Jager, M. Musso, C. Neureiter, andL. A second preferred embodiment of the invention provides a system for measuring a free spectral range of an etalon. The system includes a laser source for producing a laser light, a radio frequency source for generating an RF source signal, a phase modulator for receiving the RF source signal and the laser light and modulating the laser light, a circulator for receiving the modulated laser light and transferring the received laser light to the etalon that reflects a reflected signal back to the circulator. A photo detector coupled with the circulator receives the reflected signal and converts the reflected signal to an electrical signal and an RF amplifier connected to the photo detector receives and amplifies the electrical signal. An RF delay device receives and delays the RF source signal which is mixed at a mixer having a LO input connected with the RF delay and RF input connected with RF These prior art techniques are quite simple and fairly precise allowing up to 4 part per million of error for a 100 GHz free spectral range etalon. However, the precision is fundamentally limited by the resolution of the optical spectrum analyzer or tunable laser used, making it very difficult to apply to etalons with a FSR smaller than 10 GHz. The PoundDrever-Hall (PDH) technique has been well known to stabilize the laser wavelength using an etalon as a frequency reference. The present invention uses a simple modification of PDH to measure the FSR of etalons with precision easily exceeding one part of 10 4 regardless of the size of FSR.
40 amplifier with the amplified electrical signal. A measuring device monitors a peak-to-peak voltage V mixer at the mixer as the frequency of the RF source signal is linearly scanned to measure the free spectral range of the etalon under test.
In an embodiment, the laser source has a line width that is 45 narrower than FSR/finesse of the etalon. In another embodiment, a phase difference between the mixer LO and RF input set at approximately zero to improve sensitivity. The free spectral range measurement of the etalon using the modified Pound-Drever-Hall is particularly useful for etalons having a SUMMARY OF THE INVENTION 50 free spectral range of less than approximately 10 GHz.
A primary objective of the invention is to provide new methods, systems, apparatus and devices for precision measurement of telecommunications etalons.
Further objects and advantages of this invention will be apparent from the following detailed description of preferred embodiments which are illustrated schematically in the A secondary objective of the invention is to provide new methods, systems, apparatus and devices for high resolution measurement of the free spectral range of an etalon without the use of a high resolution optical spectrum analyzer.
accompanying drawings.
A third objective of the invention is to provide new methods, systems, apparatus and devices for measuring the free 60 spectral range of an etalon with better than one part per 10 4 precision.
A first preferred embodiment of the present invention provides a method for measuring the free spectral range of an etalon. The method includes the steps of generating a laser 65 light from a laser source, generating a RF source signal and RF modulating the laser light with the RF source signal to 
10 where r is the facet reflectivity of the etalon. A few examples ofV mixer are shown in FIGS. 2a and 2b for an etalon with finesse of approximately 100. In a conventional PDH configuration, the modulation frequency f is arbitrarily selected
Before explaining the disclosed embodiments of the 15 present invention in detail it is to be understood that the invention is not limited in its application to the details of the particular arrangements shown since the invention is capable to be the same order of magnitude as the FSR/finesse of the etalon and llcp is set at rc/2. V mixer is nearly a linear function of optical frequency v near the integer multiples of FSR and is used as a monitor of the optical frequency deviation as shown in FIG. 2a . of other embodiments. Also, the terminology used herein is for the purpose of description and not of limitation.
The following is a list of the reference numbers used in the drawings and the detailed specification to identify components: The easiest way to explain modified Pound-Drever-Hall technique is starting with the prior art Pound-Drever-Hall technique using the circuit configuration 100 shown in FIG. 1. The prior art circuit includes a tunable laser 10, a phase modulator (PM) 20, an optical circulator 30, a radio frequency source 40, a photo detector 50, an RF mixer 60, RF low pass filter 70, RF amplifier 80, and an RF delay 90. A scope 75 is connected with the RF low pass filter for monitoring the mixer output.
There are three primary differences between the Free Spec-20 tral Range (FSR) measurement method of the present invention and the prior art Pound-Denver Hall (PDH) technique. First, the signal voltage V mixer at the mixer is measured as the laser frequency is linearly scanned and the peak-to-peak value of V mixer is monitored. Second, the RF modulation 25 frequency f is tuned around the Free Spectral Range of the etalon under test searching for the peak-to-peak minimum V mixer signal. Third, unlike the prior art PDH approach, the phase difference llcp between the mixer LO and RF input is set at zero instead of rc/2. As FIGS. 2a and 2b show, setting llcp is 30 at zero results in V mixer signal an order of magnitude larger for given optical frequency detuning in comparison to the of llcp equal to rt/2, providing improved sensitivity. FIG. 5 is a schematic diagram of the system for measuring the free spectral range of an etalon according to the present 35 invention. As shown, the circulator 230 is fed a phase modulated laser signal from the phase modulator 220 and transfers the modulated signals to the etalon 300 which reflects a reflected signal back to the circulator 230. The circulator transfers the etalon reflected signal to the photo detector 250 40 where the pulses oflight are converted to bursts of electricity.
The amplifier 80 amplifies the electrical pulses and the amplified signal fed into the RF input of the mixer 260. The RF source 240 feeds the RF signal to the phase modulator 220 and a delayed RF signal is fed into the LO input of the mixer 45 260 from the RF delay 290. A RF low pass filter 270 is connected to the IF output of the mixer to receive the mixed signal. In the preferred embodiment, the phase difference llcp between the mixer LO input and RF input is set to approximately zero. The mixed output voltage signal is fed into the As shown, the circulator 30 is fed phase modulated laser signal and transfers the signals to the etalon 100 which reflects a signal back to the circulator 30. The circulator transfers the etalon reflected signal to the photo detector 50 where the pulses oflight are converted to bursts of electricity. The amplifier 80 amplifies the electrical pulses and the amplified pluses are fed into the mixer 60. The RF source 40 also feeds an RF signal to the phase modulator 20 and a delayed RF source signal is fed into the mixer 60 from the RF delay 55 90. The mixed output voltage signal is fed into the low pass filter 70 which is connected with a scope 75 such as a high resolution optical spectrum analyzer for measurement of the free spectral range of the etalon under test. 50 RF low pass filter 270 which is connected with a measuring device 275 for monitoring the mixer 260 peak-to-peak V mixer signal for detecting the free spectral range of the etalon under test. The preferred embodiment of the present invention does not require use of a high resolution optical spectrum analyzer or tunable laser for determining the free spectral range of the etalon. Since only the amplitude of the signal V mixer at the mixer 260 is of interest, it is not necessary to calibrate the tunable laser source 210 which eliminates the need for an optical frequency standard.
60
The mixer output voltage signal for optical frequency v is,
The measurement systems and methods of the present invention are particularly useful for etalons with small FSR where a typical optical spectrum analyzer or tunable laser can not resolve transmission peaks of etalons. The only require-
where V 0 =I 0~1 1MGR/2, I 0 is the injected optical power, ~ is the modulation strength, 11 is the photo detector efficiency, M is the mixer conversion gain, G is the amplifier gain, R is the impedance (which is approximately SQQ in this example), llcp 65 ment for the laser source 210 is that the line width should be narrower than FSR/finesse, which is easy to satisfy. Another benefit of setting llcp equal to zero is that peaks of V mixer US 7,800,763 Bl 5 change sign as the RF tuning frequency f passes the FSR, making it easier to find where they cross the zero value.
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detect a peak-to-peak minimum voltage when the RF modulation frequency is tuned approximately to a free spectral range of the etalon, the result having a precision greater than one part per 10 4 without the use of a high resolution optical spectrum analyzer or a tunable laser. 2. The method of claim 1, wherein the step of generating a laser light comprises the step of: generating a laser light having a line width that is narrower than a FSR/finesse of the etalon. 3. The method of claim 1, wherein the mixing step includes the step of: setting a phase difference li.cp between a mixer LO input and RF input at approximately zero to improve sensitivity.
An experiment was conducted and the measurement results for a commercial (Micron optics, Inc.) fiberized etalon with an FSR oflO GHz and finesse oflOO is shown in FIG. 3 . The difference between two peaks ofV mixer is plotted as the RF modulation frequency fwas varied with 1 MHz steps. The zero crossing is clearly between 10.002 and 10.003 GHz, indicating a precision better than one part per 10 4 . The precision of the method of the present invention is limited by the 10 electric signal to noise ratio. As the insets of FIG. 3 show, there is a modulation of the background signal coming from crosstalk with other electronics, which reduces the signal to noise ratio.
It is interesting to note that the V mixer signal shape is distorted by the asymmetric laser line shape or dispersion from etalon materials or coatings. Additional experimental simulation showed that the asymmetric line shape affects the relative heights of the V mixer curve peaks whereas the dispersion from the etalon affects the horizontal direction (the axis of 20 optical frequency detuning) of the curve. Nonetheless, the zero crossing ofV mixer when the f is equal to the FSR is not affected and shows that the method according to the present invention is valid. Unlike the prior art PDH measurement techniques, the novel systems and methods measure the prop-25 erty of the etalon within a very narrow spectral range results In summary, the present invention provides methods, systems, apparatus and devices to measure the free spectral range 30 of an etalon with one part per 10 4 precision. This method is especially useful for etalons with free spectral range of less than approximately 10 GHz since the novel method does not 35 require a high resolution OSA or tuneable laser. As the International Telecommunication Union grid for dense wavelength division wavelength (DWDM) becomes denser, the method of the present invention provides a larger impact on the FSR measurement of etalons.
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While the invention has been described, disclosed, illustrated and shown in various terms of certain embodiments or modifications which it has presumed in practice, the scope of the invention is not intended to be, nor should it be deemed to be, limited thereby and such other modifications or embodi-45 ments as may be suggested by the teachings herein are particularly reserved especially as they fall within the breadth and scope of the claims here appended.
We claim: 1. A method for measuring the free spectral range of an 50 etalon comprising the step of: generating a laser light from a laser source; generating a RF source signal; RF modulating the laser light with the RF source signal to produce an RF modulated laser signal; coupling the RF modulated laser signal through a circulator to the etalon; coupling a reflected RF signal from the etalon through the circulator to a detector; 55 converting the reflected RF signal to an electrical signal at 60 the photo detector; amplifying the electrical signal; mixing the amplified electrical signal with a RF delayed source signal; linearly scanning a frequency of the RF source signal; and 65 monitoring a peak-to-peak mixer voltage V mixer during the linear scanning of the RF source signal frequency to monitoring peaks of peak-to-peak value ofV mixer to detect a sign change as the RF modulation frequency passes the free spectral range of the etalon. 5. A system for measuring a free spectral range of an etalon comprising: a laser source for producing a laser light; a RF source for generating an RF source signal; a phase modulator for receiving the RF source signal and the laser light and RF modulating the laser light; a circulator for receiving the modulated laser light and transfer the received laser light to an etalon under test, the etalon reflecting a signal back to the circulator; a photo detector coupled with the circulator for receiving the reflected signal from the circulator and converting the reflected signal to an electrical signal; an RF amplifier connected with the photo detector for receiving and amplifying the electrical signal; an RF delay device for receiving and delaying the RF signal; a mixer having a LO input connected with the RF delay and RF input connected with RF amplifier for receiving and mixing the amplified electrical signal and the delayed RF signal; and a measuring device for monitoring a peak-to-peak voltage V mixer at the mixer as the RF tuning frequency is linearly scanned to measure the free spectral range of the etalon under test. 6. The system of claim 5, wherein the laser source has a line width that is narrower than FSR/finesse of the etalon.
7. The system of claim 5, wherein a phase difference between the mixer LO and RF input set at approximately zero to improve sensitivity. 8. A system for measuring a free spectral range of an etalon consisting of: a laser source for producing a laser light having a line width that is narrower than FSR/finesse of the etalon; a RF source for generating an RF source signal; a phase modulator connected with the laser source and the RF source for receiving the RF source signal and the laser light and RF modulating the laser light; a circulator coupled with the phase modulator and the etalon for receiving the RF modulated laser light and transferring the RF modulated laser light to the etalon, the etalon reflecting a reflected signal back to the circulator; a photo detector coupled with the circulator for receiving the reflected signal from the circulator and converting the reflected signal to an electrical signal; an RF amplifier connected with the photo detector for receiving and amplifying the electrical signal; an RF delay device connected to the RF source for receiving and delaying the RF signal;
